Objective-To determine the impact of highly active antiretroviral therapy (HAART) on salivary gland function in HIV positive women from the Women's Interagency HIV Study (WIHS).
Introduction
Saliva plays an important role in maintaining the health of the oral cavity. Xerostomia (subjective complaint of dry mouth) and salivary gland hypofunction (objective evidence of reduced salivary output) have often been associated with the human immunodeficiency virus (HIV) infection (Navazesh et al., 2000) . The prevalence of xerostomia and salivary gland hypofunction has been reported to be 2% to 10% in HIV infected patients (Schiodt, 1997 , Kozinetz et al., 2000 , Ramos-Gomez et al., 1999 , Laskaris et al., 1992 , Navazesh et al., 2000 . Numerous studies have reported an alteration of salivary gland function and composition in HIV patients in both early and advanced stages of infection (Navazesh et al., 2000 , Navazesh et al., 2003 , Lin et al., 2003 , Yeh et al., 1988 .
In recent years, Highly Active Antiretroviral Therapy (HAART) has become the management modality of choice in the management of HIV infection. HAART, consisting of 2 nucleotide analogues and a protease inhibitor (PI), is a currently recommended regimen for suppressing HIV replication and for restoring or preserving host immunity (Lin et al., 2006) . Xerostomia (dry mouth) (Scully & Diz Dios, 2001) and lipodystrophic changes of the salivary glands (Olive et al., 1998) have been reported as potential adverse effects of PI therapy. HAART therapy has changed the quality and length of life for individuals with HIV infection. Recent studies have shown a decrease in the prevalence of the salivary gland disorder diffuse infiltrative lymphocytosis syndrome (DILS) (also referred to as Sjögren-like syndrome or SLS by Panayiotakopoulous et al) that are unique to HIV-infected individuals (Panayiotakopoulos et al., 2003 , Basu et al., 2006 . Recently, Lin et al (Lin et al., 2006) conducted a longitudinal study to assess the effects of HAART therapy on salivary gland flow rates and composition among 39 HIV-negative and 147 HIV-positive patients (69 on HAART therapy and 78 not treated with HAART). There was a significant decrease in the salivary flow rates of the HIV positive group as compared to the control group, but the flow rates of patients on HAART was not significantly different from those not on HAART. All the participants in this study were men.
We hypothesized that HAART has no impact on salivary gland function in HIV infected women. To test this hypothesis we investigated the effect of HAART on salivary gland function in a large cohort of HIV infected women who were participating in the Women's Interagency HIV Study (WIHS). To our knowledge this is the first longitudinal and comprehensive evaluation of HAART and specifically PI-based HAART, in a culturally diverse and large population of HIV-infected women.
Materials and Methods

Description of the WIHS cohort
The Women's Interagency HIV Study (WIHS) was established in August 1993 to investigate the impact of HIV infection on women in the United States. Details of the WIHS design and study population have been published previously (Barkan et al., 1998) . Briefly, WIHS is an ongoing multi-centre cohort study that initially enrolled 2059 HIV-seropositive and 569 demographically similar HIV-seronegative women since 1994. The current sub-study is based on data on HIV positive women from baseline visit 1 (occurring between 10/01/94 and 03/31/95) through visit 18 (occurring between 4/01/03 and 9/01/03) collected at baseline and at 6-month follow-up evaluations over 10 years at 4 examination sites in Chicago, Los Angeles, New York, and San Francisco. All study participants provided informed consent to the research protocols that had been approved by the appropriate institutional review boards and the Health Sciences Institutional Review Board (HSIRB) and Ethics Committee of the University of Southern California. The research has been conducted in full accordance with ethical principles, including the World Medical Association Declaration of Helsinki (version, 2002) .
A total of 668 HIV positive women with an initial and at least one follow-up oral sub-study visit contributed 5358 women-visits to the analysis. The total number of visits for a subject ranged from 2 to 17, with a median of 7. Study subjects received medical and oral as well as salivary gland examinations at baseline and every 6 months (Mulligan et al., 2004) . At each visit, an extensive medical interview (including patients' self-report of medication use), physical examination (including a comprehensive head and neck examination), and laboratory (serological and haematological) evaluations were performed by a trained examiner. All examiners received standardized training in performing the study protocols. The inspection and palpation of the salivary glands and saliva collection techniques are described in detail elsewhere (Navazesh et al., 2000) . Salivary flow rates were determined in ml/min and reflect values of whole saliva.
Assessment of salivary gland function
Salivary gland function was assessed based on the following measures: (1) the participant's responses to a dry mouth questionnaire; (2) evidence of enlargement, tenderness and lack of saliva secretion upon visual inspection and palpation of the major salivary glands; and (3) the unstimulated and chewing-stimulated whole saliva flow rates. A positive self-report of dry mouth included positive responses on one of the following questionnaire items: (1) Does the amount of saliva in your mouth seem to be too little? (2) Do you have any difficulties swallowing? (3) Does your mouth feel dry when eating a meal? (4) Do you sip liquids to aid in swallowing dry foods?
Definition of Highly Active Anti-retroviral Therapy (HAART)
At each visit, participants were asked about their current anti-retroviral therapy (ART) use as well as ART usage in the past 6 months. The definition of HAART regimens was guided by the 2000 versions of the U.S. Department of Health and Human Services (US Department of Health and Human Services, 2002) and the International AIDS Society-USA Panel antiretroviral guidelines (Yeni et al., 2002) . Women were considered to be on HAART if they were taking: (a) two or more nucleoside reverse transcriptase inhibitors (NRTIs) with at least one protease inhibitor (PI) or non-nucleoside reverse transcriptase inhibitor (NNRTI); (b) one NRTI in combination with at least one PI and at least one NNRTI; (c) a regimen containing ritonavir and saquinavir in combination with one NRTI and no NNRTIs; or (d) an abacavircontaining regimen of three or more NRTIs in the absence of both PIs and NNRTIs. Monotherapy included either one NRTI (95%) or only PIs (4%) or only NNRTI (1%). All other regimens were defined as combination therapy. At each study visit, PI-based HAART users were defined as women taking HAART that included a PI. Non PI-based HAART users were defined as women taking HAART without PI at any given visit.
Measurement of HIV RNA levels
HIV-1 RNA levels were measured with commercial NASBA/NucliSens assays (Nucleic Acid Sequence Based Amplification Assay, BioMerieux, Durham, NC) combined with 1 ml of specimen. According to the manufacturer's recommendation, specimens with ECL (electrochemiluminescently labelled probes) signal strength of at least 250 Units and >25 HIV-1 copies/ml reported by the manufacturer software were considered to be reactive.
Statistical Analysis
We evaluated the following measures of salivary gland function:
1. change in the unstimulated and stimulated flow rates at any given visit from that of the immediately prior visit (continuous variables);
2. development of self-reported dry mouth in response to the dry mouth questionnaire items (per previous description, a positive response on any item);
3. development of enlargement or tenderness of the salivary glands (present or absent); and 4. development of lack of secretion on palpation of the salivary glands (yes/no).
Each of these measures of salivary gland function was evaluated in relation to HAART use and changes in HAART use. HAART use was defined as "current nonuser" (not on HAART at current visit and the prior visit), "initiators" (not on HAART at prior visit but started HAART some time between the previous visit and the current visit), "stoppers" (used HAART in the prior visit but not at the current visit), and "maintainers" (used HAART both at the current and prior visits). These HAART categories were defined for any HAART use. Subsequent models evaluated PI-based and non-PI based HAART separately, using the same definitions of initiation, maintenance and cessation. Impact of any PI, irrespective of HAART regimen or combination therapy regimen, was also examined in relation to development of the salivary gland outcomes.
Other factors tested for an association with salivary gland outcomes were: age (<35, 35-44, 45 +), race (white, black, Hispanic, and others), HIV RNA viral load (<5000, 5000-9999, 10000-49999, 50000-99999, 100000+ copies/ml) (Levine et al., 2006) , CD4 cell count (>500, 350-499, 200-349, <200 cells/μL), the presence of an AIDS-defining illness, depressed mood (measured by the Centre for Epidemiologic Studies Depression [CESD] scale, modelled as a continuous variable), hepatitis C (HCV) infection, and use of anti-depressant, anti-diabetic and anti-hypertensive medications. Except for baseline age, race, and HCV status, all other exposure variables were time dependent (i.e., modelled as visit-specific measures).
Linear (for continuous outcomes) or logistic (for binary outcomes) regression models were used with generalized estimating equations (GEE) to analyze the data accounting for the within subject correlation of the repeated measures of salivary gland outcome. An exchangeable correlation matrix was assumed among the repeated measures of salivary gland outcomes. Separate models were tested for each of the salivary gland outcome measures. Changes in unstimulated and stimulated salivary flow rates at any given visit from the salivary flow rate of the previous visit were modelled as continuous outcome variables. Therefore, linear regression models with GEE were used for this analysis. Women who were unable to contribute unstimulated saliva due to the scantiness or complete non-existence of flow did not contribute to the calculation and analysis of salivary flow rate change in the subsequent visit. In total 651 of 3136 women-visits (21%) were excluded for this reason.
Binary salivary gland outcomes, including a positive response to the dry mouth questionnaire, enlargement and tenderness of the salivary glands, and no secretion on palpation of the salivary glands, were analyzed using logistic regression models with generalized estimating equations (GEE). To evaluate factors related to the development of any of these conditions, only women who were negative on the particular outcome in the previous visit contributed to the analysis at any given visit. At any visit, we compared women who did or did not develop the outcome, among those who were "at risk" to develop the outcome. Both univariate and multivariate analyses were performed. Correlates with a p-value <0.15 in the univariate analysis were tested in the multivariate models. All analyses used statistical analysis software (SAS) version 9.1 (Cary, North Carolina).
Results
The baseline characteristics of the study participants are summarized in Table 1 . The median (range) age of the study participants was 37 (17-60) years. The majority of the participants were black (54%); other ethnic groups included Hispanic (29%), white (14%), and other ethnic backgrounds (3%). At baseline, 17% of the women had an AIDS-defining illness and 46% were infected with hepatitis C virus.
Associations of HAART with longitudinal changes in salivary gland outcomes (Table 2)
In a multivariable model adjusted for age, viral load and CD4 count, AIDS defining illness and depression score, longitudinal change in the unstimulated salivary flow rate was not associated with HAART use. Multivariate regression analysis adjusted for age, race, viral load, CD4 count, depression score, hepatitis C status, medication use for diabetes, hypertension and depression, showed that the stimulated salivary flow rate significantly decreased among women maintaining HAART, compared to women who did not use HAART at the current and prior visits (p<.0001; Table 2 ). Subsequent analysis of the effects of PI and non-PI based HAART use on the salivary flow rates showed that only PI based HAART was significantly associated with a decrease in both the unstimulated (p=0.01) and stimulated salivary flow rates (p=0.0004) in those women maintaining HAART. Women who had no measurable unstimulated salivary flow (21%) were excluded from the analysis reported above. In a sensitivity analysis, we repeated these analyses of changes in the unstimulated salivary flow rate including all women visits. The results were similar i.e., there was a significant reduction in the unstimulated salivary flow rate among women who were on PI-based HAART for 2 sequential WIHS visits (data not shown).
Women who maintained use of HAART over two study visits had a reduced risk of developing a complaint of too little saliva (subjective report of dryness) (OR=0.73; CI=0.55-0.97; p=0.03) compared to women not using HAART (Table 2; result adjusted for age, viral load, CD4 count, depression, hepatitis C infection, AIDS defining illness, and medication for diabetes and depression). This trend of reduced risk was equally evident in women maintaining PI-based and non-PI based HAART, but was not significant due to reduced sample size.
Compared to women who were not on HAART, those who used HAART in the past visit but had stopped at the current visit (OR=2.14; CI=1.04-4.44; p=0.04) and those who maintained HAART for at least two consecutive visits (OR=2.20; CI=1.44-3.38; p=0.003) were at greater risk for developing enlarged salivary glands (adjusted for race, AIDS defining illness and medication for depression). The elevated risk associated with maintaining HAART was statistically significant in women who maintained use of PI-based HAART (OR=1.82; CI=1.18-2.80; p=0.006), but was not significant in women who maintained use of non-PI based HAART (Table 2) . HAART use was not associated with the risk of developing tender salivary glands or lack of secretion on palpation.
Associations of PI use (irrespective of HAART) with longitudinal changes in salivary gland outcomes
PI use was significantly associated with reduced stimulated salivary flow rate (p=0.02) (Table  3) . Other salivary gland outcomes including changes in unstimulated salivary flow rate, complaint of too little saliva, enlargement of the salivary gland, tenderness of the salivary gland, and lack of secretion on palpation of the salivary gland were not significantly associated with PI use.
Associations of HIV RNA levels and CD4 counts with changes in unstimulated salivary flow
HIV RNA levels between 10,000-49,999 copies/ml and more than or equal to 100,000 were significantly associated with a reduction in the unstimulated salivary flow rate compared with that of <5000 copies/ml. CD4 counts in the range of 200-349 counts/μL were also significantly associated with reduced unstimulated salivary flow rate compared with CD4 ≥ 500 counts/μL (Table 4 ).
Discussion
The effect of HAART on salivary gland function was assessed longitudinally in HIV positive women on HAART. Objective measurements of the salivary flow rates showed a significant decrease in the stimulated flow rates among HIV positive women on maintenance therapy of HAART. Xerostomia and/or oral ulcerations has been reported as a specific side effect of PI therapy in 7% of HIV positive patients (Scully & Diz Dios, 2001) . Earlier studies have shown that considerable variation exists in the normal range of salivary flow in humans (Dawes, 1987 , Ship et al., 1991 . In order to determine if PIs were responsible for the observed decrease in the salivary flow rates we examined PI and Non-PI based effects on the salivary flow rates. Our analysis clearly showed that PI based HAART was significantly associated with a decrease in both unstimulated and stimulated salivary flow rates. Our findings are contradictory to those of Lin et al (2006) where no changes were observed in the salivary flow rates between HIV positive men on HAART and those not on HAART. The definition of a HAART user in their study was different from the definition used in our study. HAART users were not subdivided into non-users, stoppers, initiators or maintainers as in our study, and the effects of HAART on salivary flow rate were not specifically assessed between PI and Non-PI based HAART groups. Finally, the method of saliva collection differed from that used in our study and the study population was limited to men. Lin et al (2006) measured salivary flow by collecting whole unstimulated saliva and both unstimulated and stimulated saliva from individual major glands (Parotid; Submandibular and Sublingual together). These differences in the methodology of the study design and analysis of results may explain the lack of effect of HAART on salivary flow in their study.
Previously we had reported that HAART is a risk factor for low unstimulated and stimulated salivary flow rates (Navazesh et al., 2003) . SLPI (Salivary Leukocyte Protease Inhibitor) levels in the saliva have been shown to be increased in patients on PI based HAART (Lin et al., 2004) . This may also imply that PI levels are increased within the salivary glands. In this study we have shown that PI based HAART alone is responsible for low unstimulated and stimulated salivary flow rates. At present, it is still unclear as to why PI based HAART therapy in maintainers might produce a significant decrease in the unstimulated and stimulated salivary flow rates. It is possible that the chemical structure of the protease inhibitors somehow alter the structure and composition of saliva thereby decreasing the salivary flow (Navazesh et al., 2003) . Another possibility by which PIs might affect the salivary flow rates is lipotrophic changes or deposition of adipose tissue within the gland itself.
Salivary gland enlargement, bilateral or unilateral and almost always affecting the parotid gland, has been infrequently reported as a manifestation of HIV infection (Patton et al., 2002) . Before the advent of HAART, parotid gland enlargement had been reported to occur in 5-10 percent of the HIV-affected-population (Schiodt et al., 1989 , Soberman et al., 1991 , Mandel & Surattanont, 2002 and the glandular enlargement was traditionally correlated with decreased CD4 levels and advanced stages of HIV infection or AIDS (Vargas et al., 2003) . In our study, women with an AIDS outcome were shown to have a 60% greater risk for having enlarged salivary glands (data not shown). With the introduction of HAART therapy in the mid-1990's a decline in the prevalence of oral manifestations of HIV infection and AIDS has been reported in the literature (Greenspan & Greenspan, 2002 , Patton et al., 2000 , Patton et al., 2002 . Overall, there appears to be a reduced prevalence of oral candidiasis, Kaposi's sarcoma, oral hairy leukoplakia, and HIV-associated periodontal disease in adults. However, there has been an increase in HPV-associated oral lesions (papillomas, condylomas and focal epithelial hyperplasia) and HIV-related salivary gland disease in the developed world (Greenspan et al., 2001 , Reichart, 2006 , Reichart, 2003 , Schmidt-Westhausen et al., 2000 . Patton et al (2000) reported a significant increase in the prevalence of HIV-associated salivary gland disease from 1.8% to 5% in their study. Our findings show that HAART use, particularly PI based HAART, is a significant risk factor for developing enlarged salivary glands. These findings are contradictory to the findings from developing countries like Mexico, where no changes were recorded in the prevalence of salivary gland enlargement in 1000 HIV infected individuals (87.9% Male; 12.1% Female) (Ramirez-Amador et al., 2003) . Nicolatou-Gatis et al (2004) reported that there was no change in the prevalence of salivary gland disease in a group of 95 HIV infected Greek individuals (10 females, 85 males) on HAART therapy with a PI. This result may be due to a small sample size. As mentioned earlier Panayiotakopoulos et al (2003) and Basu et al (2006) have shown a decrease in the prevalence of DILS. Given the previous outcomes, it remains unclear whether salivary gland enlargement, especially of the parotid glands is on the rise in HIV infected individuals on HAART. Our findings show that HAART use in a female population, particularly PI based HAART, is a risk factor for developing salivary gland enlargement.
In early 1998, Carr et al provided a detailed description of a syndrome of peripheral lipodystrophy, dyslipidemia, and insulin resistance related to the use of Protease Inhibitors (PIs). Subsequently, several reports were published on the association of PI based HAART therapy and lipodystrophy in HIV infected individuals and the condition is referred to as lipodystrophy syndrome in HIV infected individuals (LDHIV) (Kravcik, 2000) . Protease Inhibitors (PI) cause fat accumulation in various parts of the body such as the back of the neck (buffalo hump) and intra-abdominal region. As mentioned earlier, PIs have also been suggested to cause fatty infiltration of the parotid gland or parotid lipomatosis resulting in glandular swelling (Aguirre-Urizar et al., 2004) . Parotid lipomatosis was first reported by Olive et al (1998) as a side effect of protease inhibitor therapy. Ceballos-Salobrena et al (2000) reported parotid gland enlargement in HIV positive patients (4.5%) on HAART. Although this finding did not demonstrate a statistically significant association to HAART usage in their study, they suggested that HIV parenchymatous infiltration in the early stages as well as lipodystrophic changes secondary to PI based HAART usage in certain AIDS patients may be responsible for the observed enlargement.
The underlying pathogenesis for the lipodystrophy syndrome is unclear and the precise mechanisms by which PIs induce these changes are unknown. Several mechanisms have been proposed to be involved in causing lipid accumulation and atrophy in the central and peripheral tissues respectively. Carr et al (1998) compared the 12 amino acid genetic sequence of the catalytic region of HIV-1 protease with all mammalian protein and genome sequences in gene libraries. A 60% homology was found with two proteins that regulate lipid metabolism: cytoplasmic retinoic acid binding protein type 1 (CRABP-1) and low-density lipoprotein receptor-related protein (LRP). CRABP-1 carries retinoic acid (Li & Norris, 1996) which, when isomerized to cis-9-retinoic acid, activates nuclear retinoid X receptor-α-peroxisome proliferator-activated receptor-γ (PPAR-γ) complex known to regulate adipocyte proliferation and differentiation (Chambon, 1996 , Tontonoz et al., 1995 . Furthermore Carr et al (1998) hypothesized that PIs inhibit CRABP-1 and LRP and therefore produce lipodystrophic changes. However, three dimensional X-ray crystallography of CRABP-1 and HIV-1 protease showed significant differences, meaning PIs will not be able to inhibit conversion of trans to cis-9-retinoic acid (Stevens GJ, 1999) . In addition, PIs have not been shown to bind to the PPAR-γ complex. Studies in mice have failed to produce hyperlipidemia following inhibition of LRP by protease inhibitors (Rohlmann et al., 1998) .
On an average, about 5-10 intra-parotid lymph nodes are usually distributed throughout the parotid gland. These nodes become trapped within the parotid gland during embryologic development (Ioachim et al., 1988 , Mandel & Hong, 1999 . In the HAART era, parotid gland swelling has been attributed to the increase in the CD8 lymphocyte count with CD8 lymphocytic infiltration into the intra-parotid lymph nodes in patients receiving HAART therapy. Intra-parotid lymph nodes undergo a significant hyperplastic response and lead to the visible parotid enlargement (Itescu et al., 1990 , Mandel & Surattanont, 2002 . This lymphoproliferation probably reflects a reaction to the presence of high concentration of HIV p24 antigen in the gland (Bruner et al., 1989 , Vicandi et al., 1999 , Uccini et al., 2000 . Ceballos-Salobrena et al (2000) reported an overall decrease in the prevalence of oral lesions except xerostomia (15.5% vs 4%) in a group of HIV positive patients on HAART along with a strong relationship between the quantity of viral load and prevalence of oral lesions. Also, increased viral loads greater than 10,000 copies were significantly associated with an increased prevalence of xerostomia (29.7 %). In their study, reduced CD4 cell counts were not shown to be associated with the increased prevalence of xerostomia. Our findings also showed that increased HIV RNA levels were significantly associated with reduced unstimulated (for viral load >5000) and stimulated (for viral load >10,000) salivary flow rates (data not shown). It is possible that the lymphoproliferative response as a result of high levels of HIVp24 antigen may have been an important risk factor for developing reduced salivary flow rates and salivary gland enlargement in our study. Our findings also showed that reduced CD4 cell counts (<350) were significantly associated with a decrease in the unstimulated salivary flow rate. Our study did not include any imaging or histologic evaluation of the salivary glands therefore, the exact nature (functional or structural) of associated changes with HAART remains unknown.
An earlier report of a larger sample size of HIV infected women (n = 1256) revealed the prevalence of various clinical symptoms in HIV positive women responding to a questionnaire (Silverberg et al., 2004) . The prevalence of xerostomia was found to be increased in patients who had discontinued HAART (18.7%) and those who had switched HAART regimens (18.4%). The lowest prevalence of xerostomia was reported in patients with stable HAART use (13.1%). Similar findings were observed in our study where continued HAART usage for at least 6 months decreased the risk for developing a complaint of too little saliva. Paradoxically, in our study, PI based HAART maintainers had a significant decrease in both unstimulated and stimulated salivary flow rates. The lack of a subjective report of dry mouth in the presence of objective evidence of decreased salivary flow was observed in HAART maintainers. This finding is not unique for our study population. In fact, several studies have clearly shown the wide variability in unstimulated and stimulated salivary flow rates in healthy adults that are adequate for normal oral function (Dawes, 1987 , Ship et al., 1991 . The explanation for such variability is unknown. HAART use was not found to be associated with tenderness or lack of secretion on palpation of the salivary glands.
Saliva plays a significant role in oral and systemic health and its absence affects the quality of life. Individuals who suffer from salivary gland dysfunction are at risk for development of dental caries, periodontal diseases and fungal infection (Navazesh et al., 2002) . A variety of medical conditions and medications can contribute to the development of salivary gland dysfunction. In our study we attempted to control for all potential known factors that could have contributed to a complaint of dry mouth and or reduced saliva flow rates. PI based HAART therapy emerged to be a significant and independent risk factor for salivary gland dysfunction in HIV positive women. 
Hepatitis C infection
No --Referent--Yes -0.11(0.05) 0.03
Diabetes Mellitus
No --Referent--
Yes
-0.25(0.06) <.0001
Antihypertensive medication
No --Referent--Yes -0.16(0.07) 0.02
Antidepressant medication
No --Referent-- 
Yes
